INTrODuCTION
Low-density polyethylene (LDPE) has a broad area of application. The universality of this polymer consists in the fact that in practice cheap reprocessable materials are manufactured from it. The areas of its application include packaging materials, national consumer goods, automobile parts, and so on [1] .
The volume of production of polymeric materials has increased continually and rapidly in recent years. The volume of waste continues to increase, and the territorial possibilities for their recycling and processing are decreasing. LDPE, because of its high molecular weight and absence of polar functional groups, exhibits poor biodegradability. As a consequence, questions of improving the quality, reliability, and durability of products manufactured from LDPE have become very important, and also questions of disposal and dumping when products reach the end of their useful life. Simple dumping of plastic waste is a time bomb and a way of burdening future generations with today's problems. Therefore, one of the most acceptable methods for solving these important questions is the development of biodegradable materials.
In this context, the urgency and long-term outlook of work devoted to the development of biodegradable composites based on low-density polyethylene and polycaproamide (PA-6) are self-evident.
The use of PA-6 as a modifier is due on the one hand to the fact that it is biodegradable [2, 3] and on the other hand to the presence of a large amount of waste in the production and processing of PA-6.
However, polycrystalline PA-6 and LDPE are immiscible with each other. An effective method for improving their compatibility is to introduce compatibilisers. At the first stage these compounds functionalise the polyolefins, and at the second stage they interact with functional groups of the PA [4, 5] .
EXPErImENTaL
The investigation was conducted on LDPE of grade 15303-003 (GOST 16337-77, OAO Kazan'orgsintez) and PA-6 obtained by anionic polymerisation of ε-caprolactam under laboratory conditions. The heat stabilisers were tri(phenyl-2,4-di-tert-butyl)phosphite (Irgafos 168) (Ciba, Switzerland) and 2,4,6-tris-(3,5-di-tert-butyl-4-oxybenzyl)-mesitylene (Agidol 40) (OAO Sterlitamak Petrochemical Factory, Sterlitamak, Russia). To improve the compatibility of the polymer blend, use was made of maleic anhydride (MA) (Sigma-Aldrich) in the presence of benzoyl peroxide (BP) (OOO UkrPromKhim).
Before producing the polymer composite, a concentrate was obtained that contained LDPE, MA, and BP. For this, 0.14 g of MA and 0.5 g of BP were dissolved in 250 mL of acetone and mixed with 100 g of LDPE pellets [4] . After evaporation of acetone, MA and BP were adhered homogeneously to the pellets.
Composites were obtained on a Brabender rotary mixer (Plastograph ® EC Plus, Germany) with subsequent hot pressing. The temperatures of mixing of the composites were 160°C and 200°C. The ratios of components of the blend were varied as follows: 90-100 wt% LDPE; 0-10 wt% PA-6; 0-0.07 wt% MA; 0-0.025 wt% BP.
The physicomechanical characteristics of the polymer composites obtained were studied. The physicomechanical properties (tensile stress causing failure s t , elongation at break ε) were determined in accordance with GOST 11262-80 at a test temperature of 20 ± 2°C. Tests were conducted on an Inspekt Mini 3 kN universal tensile testing machine (Trilogica, Germany).
The melt flow index (MFI) was determined in accordance with GOST 11645-83 on an IIRT 5M capillary viscometer (Russia) with a capillary diameter of 0.2095 ± 0.0005 cm after holding of the material in the heated instrument for 4-5 min. The test temperature was 190°C, and the load 2.16 kg.
Thermograms of the specimens were taken on an STA 6000 instrument (PerkinElmer, USA) with account taken of relaxation at a heating rate of 3°C/min to 450°C.
To study the chemical structure of the modified LDPE before and after biodegradation, use was made of an InfraLYUM FT-08 IR Fourier spectrometer (Russia) with an attenuated total reflection (ATR) accessory.
Analysis of the biodegradation of composites was carried out at the Faculty of Industrial Biotechnology of the Kazan National Research Technological University.
Biodegradation was carried out simultaneously on dense and liquid culture media. Before being placed on dense culture media, specimen cuttings of polymer films measuring 5 x 7 cm with a thickness of 0.2 ± 0.02 mm were washed in alcohol and distilled water. To check the resistance of the polymers to soil microorganisms, beef extract agar (BEA) was prepared. Polymer specimens were placed on culture media, and then fungi and soil microorganisms were seeded with the use of a bacteriological mesh. Petri dishes with the prepared specimens were placed in an oven at T = 28°C for 28 days.
Before the experiment in a liquid culture medium, polymer film specimens containing LDPE and PA-6 were placed in a container with soil. In the present work, use was made of grey forest soil as one of the most common types of soil in the Volga region.
The soil in the container was moistened with tap water over a period of 20 days to activate soil microflora. At the end of the activation period of soil microflora, the polymer specimens were removed from the container, and the biofilm was rinsed from the surface of the polymers. The built-up microorganism soil association culture obtained in this way was then used in experimental work.
To conduct experiments in liquid culture media, use was made of beef extract broth (BEB), into which were introduced soil microorganism cultures, and also the previously mentioned fungal cultures. Polymer cuttings measuring 3 x 7.5 cm were placed into rocking flasks (three specimens per flask), and then the flasks were placed on a PU-6410m rocker (EKROS, Russia) at T = 28°C and a rotational speed N = 97 rpm for 10 days.
Fungus resistance was assessed for polymer specimens placed on a solid culture medium. The method consisted in the material being contaminated with fungal spores in a mineral salt solution with the addition of sugar (Czapek medium). In assessing the fungus resistance from the degree of development of fungi, specimens prepared by pressing, cutting, or another method not causing any change in structure and chemical composition should have the shape of plates measuring 30 x 30 or 50 x 50 mm, or discs of 30-50 mm diameter. The thickness of the discs and plates should be 2 ± 0.2 mm or 2 ± 0.3 mm. Two groups of specimens were prepared: (1) control specimens for comparative assessment (stored in the laboratory during the tests); (2) test specimens exposed to mould and moisture. Specimens of the materials were purified of external impurities by immersion for 1 min in ethyl alcohol and dried. The alcohol consumption was 0.05-0.1 dm 3 /m 2 . The surface of materials not resistant to alcohol was purified with distilled water heated to 50 ± 10°C. Specimens were incubated at constant temperature for 28 days. Growth of fungi on polymer specimens was assessed according to the five-rating scale of GOST 0.049-91 "Polymeric materials and their components. Laboratory test methods for mould resistance" [7] .
rESuLTS aND DISCuSSION
The optimum formulation was chosen for the production of polymer composites with the best physicomechanical properties.
To improve the compatibility of the composites, MA was used as a compatibiliser. BP was added to initiate the MA [4] . The results of assessing the effect of MA and BP on the properties of LDPE are shown in Table 1 . The introduction of 0.0014 wt% MA leads to a small increase in the physicomechanical properties of LDPE and to a reduction in the MFI. Change in melt viscosity indicates the occurrence of crosslinking in the specimen. With increase in the MA content from 0.0014 to 0.07 wt%, there is a sharp reduction in the MFI and a deterioration in the physicomechanical characteristics of the LDPE. Therefore, to produce blended composites, MA and BP concentrations of 0.0014 and 0.005 wt% respectively were chosen.
The results of analysing the influence of the content of PA-6 and stabilisers, the composite processing temperature, and the methods for preparing PA-6 on the properties of the polymer blends in the presence of the selected MA and BP concentrations and in the absence of MA and BP are presented in Table 2 .
From Table 2 it can be seen that the introduction of PA-6 into the polyethylene matrix leads to a reduction in the MFI and in the physicomechanical properties by comparison with specimens of initial LDPE. The observed low physicomechanical characteristics at a mixing temperature of 160°C are primarily due to the fact that, because of its high melting temperature, PA-6 is poorly distributed within the LDPE. Increase in the processing temperature should lead to its better distribution. Furthermore, in Chuai et al. [4] it was shown that temperature is an important parameter influencing the effectiveness of compatibility. With increase in temperature, the rate of generation of free radicals increases owing to rapid decomposition of the initiator. However, an increase in temperature can have a negative effect on the properties of LDPE, which at high temperatures (above 190°C) is capable of degradative processes leading to deterioration in the properties of its composites. Increase in the processing temperature of unmodified LDPE from 160 to 200°C has no significant effect on the physicomechanical properties of the polymer but does lower the MFI slightly. The introduction of 10 wt% PA-6 into the LDPE matrix at a processing temperature of 200°C leads to a sharp reduction in the MFI. The use of a mixture of Agidol 40 and Irgafos 168 as stabilisers makes it possible to improve the physicomechanical properties and MFI of the composites by comparison with polymer blends without the addition of stabilisers.
A large PA-6 content above 8 wt% has an adverse effect on the physicomechanical properties of the composites. One of the possible reasons for this is the method of preliminary grinding of PA-6. In this case the PA-6 is reprecipitated from formic acid. Traces of formic acid in the PA-6 may act as a degrading agent of the polymer. Accordingly, the greater the PA-6 concentration in the polymer composite, the greater the amount of stabiliser required, which is economically inexpedient. Therefore, an investigation was made of the effect of mechanically ground PA-6 on the properties of polymer composites. As can be seen from Table 2 , composites with the addition of PA-6 obtained by mechanical grinding possess higher MFI values than composites containing dissolved PA-6. This difference is particularly marked for specimens containing 12 wt% PA-6. Thus, most suitable for the production of polymer composites is PA-6 produced by mechanical grinding.
As a result, LDPE composites containing 4-12 wt% PA-6 were obtained. It was shown that, for their production with properties close to those of unmodified LDPE, it is necessary to use a compatibiliser (MA with BP) and a mixture of stabilisers. The processing temperature should be no lower than 200°C, and it is desirable to grind PA-6 mechanically.
aSSESSING THE BIODEGraDaBILITy OF POLymEr COmPOSITES
Polymer composites were subjected to biodegradation in two microorganism culture media: BEA and BEB. As can be seen from Table 3 , specimens underwent greatest biodegradation in Czapek medium by comparison with BEB. Specimens containing 8-12 wt% PA-6 were characterised by the greatest reduction in weight.
The obtained results of the investigation indicate the active assimilation of polyethylene materials by soil bacteria and micromycetes.
When identifying the obtained microorganism colonies, no significant visual difference between the control and experiment was found. The following were determined as the predominant species: Bacillus, Pseudomonas, Penicillium, Fusarium, and Aspergillus spp. Greatest activity is possessed by Penicillium sp., which is confirmed by literature data [8] .
The degree of biodegradation can be judged from the results of visual inspection of the growth of fungi in the medium (Figure 1 ).
Visual assessment of specimens for resistance to surface biodegradation was carried out according to a five-rating scale on days 15 and 28 ( Figure 2) .
The results of analysing biological growth indicate a fairly high number of fungal colonies on the entire area of tested polymers containing PA-6. The highest rating was received by specimens with a PA-6 content Table 3 . Change in weight of polymer specimens before and after biodegradation in different microorganism culturing media of 12 wt%. Growth of colonies of microscopic fungi on the surface of polymers indicates the presence of an accessible substrate in the polymer matrix.
Calculation of the content of functional groups according to data of IR spectroscopy indicates that in the composition of the polymer composites there is a reduction in amide groups in the process of biodegradation ( Table 4) .
By differential thermal analysis (DTA) it was shown that the melting peak of the modified polyethylene after biodegradation is characterised by the existence of endothermic effects in a lower temperature region than the melting peak of the initial polymer specimen (Figure 3) .
The appearance of endo effects in the low-temperature region indicates a change in the supermolecular structure of LDPE as a result of the formation of new monocrystals at those points where PA-6 was formerly found. At the same time, at the points of accumulation of fungi, cavities are formed, and occasionally holes (in the case of thin films), through which plants can grow and consequently degrade the LDPE.
Thus, it has been shown that the introduction into LDPE of 8-12 wt% PA-6 produced by anionic polymerisation makes it possible to give the polymer composite biodegradability.
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